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The problem of identifying and classifying hazardous and valuable species of municipal solid waste
(MSW), especially unlabeled cell batteries, has become increasingly important in the light of current
global environmental policies, which emphasize the need for increased recycling and utilization of
waste. With the introduction of a variety of environmental initiatives, it is essential to ensure that
proper identi�cation and classi�cation of MSW is carried out in order to reduce the environmental
impact of MSW. This includes identifying and classifying hazardous and valuable materials, such as
cell batteries, to ensure they are reused and recycled rather than disposed of in land�lls. Furthermore,
the development of e�ective strategies for the detection and classi�cation of MSW is essential in order
to maximize the economic and environmental bene�ts associated with the recycling and utilization
of waste. This article describes an approach to the standard-size, unlabeled cylindrical cell batteries
identi�cation, powered by computer vision. To achieve this goal, a video camera and an X-ray machine
are used to analyze and process images. The images captured by the video camera are �rst processed by
a series of steps involving data preprocessing, feature extraction and model training. All the extracted
features are then combined to form a model which can be used to accurately detect and recognize the
cell batteries in the MSW stream on the conveyor belt. The developed procedures ensure a su�ciently
high-quality classi�cation of intact label batteries, and thus can be used to e�ectively identify the
batteries in multiple scenarios. An extra step of digital radiography image processing is proposed,
which allows for recognition even when the marking is signi�cantly damaged. This novel approach
to image processing o�ers a dependable and accurate method for the classi�cation of batteries, even
when their markings are no longer clearly visible or are completely obscured. This is a great bene�t,
as previous techniques relied on the clarity of the markings, which created di�culties when those
markings were faint or absent. The core of the batteries identi�cation system is a neural network,
trained on a data set containing X-ray images of various types of batteries along with the associated
classes. This neural network MobileNetV2 is used to extract features from the images, allowing it to
correctly classify the batteries for further sorting. The proposed method of batteries neural network
classi�cation, including the optical images and X-ray images processing, thus forms the backbone of a
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software and hardware complex for automated MSW sorting lines. The use of this system to identify
and sort batteries would greatly reduce manual labor, improve accuracy and increase the e�ciency of
the sorting process. Additionally, the use of this system could also potentially reduce the amount of
time required to sort the batteries, as the neural network can process the images much faster than a
human can. This system could thus revolutionize the MSW sorting process, making it more accurate
and e�cient than ever before.
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Àêòóàëüíîñòü èññëåäîâàíèÿ ïðåäîïðåäåëÿåòñÿ íåîáõîäèìîñòüþ ñîðòèðîâêè îïàñíûõ è öåííûõ
îáúåêòîâ â ñîñòàâå òâåðäûõ êîììóíàëüíûõ îòõîäîâ (ÒÊÎ), â ÷àñòíîñòè íåìàðêèðîâàííûõ ýëå-
ìåíòîâ ïèòàíèÿ, ñ öåëüþ èõ äàëüíåéøåé óòèëèçàöèè èëè ïåðåðàáîòêè, ÷òî ïðèîáðåòàåò îñîáóþ
âàæíîñòü â óñëîâèÿõ èçìåíåíèÿ ìèðîâîé ýêîëîãè÷åñêîé ïîëèòèêè. Ïðåäëîæåí ïîäõîä ê èäåí-
òèôèêàöèè íåìàðêèðîâàííûõ öèëèíäðè÷åñêèõ ýëåìåíòîâ ïèòàíèÿ ñòàíäàðòíûõ òèïîðàçìåðîâ
íà îñíîâå êîìïüþòåðíîãî çðåíèÿ. Èñòî÷íèêîì àíàëèçèðóåìûõ èçîáðàæåíèé ÿâëÿþòñÿ âèäåî-
êàìåðà è ðåíòãåíîâñêàÿ óñòàíîâêà. Èäåíòèôèêàöèÿ âûïîëíÿåòñÿ íà îñíîâå ïîñëåäîâàòåëü-
íî ïðèìåíÿåìûõ ïðîöåäóð, ïîçâîëÿþùèõ îáíàðóæèâàòü è ðàñïîçíàâàòü ýëåìåíòû ïèòàíèÿ
â ïîòîêå ÒÊÎ íà êîíâåéåðíîé ëåíòå. Ïðè íàëè÷èè íåïîâðåæäåííîé ìàðêèðîâêè íà êîðïóñå
ýëåìåíòîâ ïèòàíèÿ îáðàáîòêà èçîáðàæåíèé, ðàñïîçíàâàíèå íàäïèñåé è àíàëèç èäåíòèôèêàòî-
ðîâ îáåñïå÷èâàþò äîñòàòî÷íî äîñòîâåðíóþ êëàññèôèêàöèþ. Ïðè ñóùåñòâåííîì ïîâðåæäåíèè
ìàðêèðîâêè ðàñïîçíàâàíèå çàòðóäíåíî, ïîýòîìó ïðåäëîæåí äîïîëíèòåëüíûé ýòàï îáðàáîòêè
èçîáðàæåíèé â ðåíòãåíîâñêîì äèàïàçîíå. Íåéðîííûå ñåòè, ñîñòàâëÿþùèå îñíîâó ñèñòåìû èäåí-
òèôèêàöèè ýëåìåíòîâ ïèòàíèÿ, îáó÷àþòñÿ íà ïîäãîòîâëåííûõ íàáîðàõ äàííûõ, ñîäåðæàùèõ
ìíîæåñòâî ðåíòãåíîâñêèõ ñíèìêîâ ýëåìåíòîâ ïèòàíèÿ ðàçíûõ òèïîâ, êîòîðûì ñîïîñòàâëåíû
èñêîìûå êëàññû. Îáó÷åííàÿ ìîäåëü ïîçâîëÿåò êëàññèôèöèðîâàòü òèï ýëåìåíòîâ ïèòàíèÿ äëÿ
ïîñëåäóþùåé ñîðòèðîâêè. Ïðåäëîæåííûé ñïîñîá íåéðîñåòåâîé êëàññèôèêàöèè ýëåìåíòîâ ïè-
òàíèÿ íà îñíîâå îáðàáîòêè îïòè÷åñêèõ èçîáðàæåíèé è ðåíòãåíîâñêèõ ñíèìêîâ ñîñòàâëÿåò îñ-
íîâó ïðîãðàììíî-àïïàðàòíîãî êîìïëåêñà, ïðåäíàçíà÷åííîãî äëÿ àâòîìàòèçèðîâàííûõ ëèíèé
ñîðòèðîâêè ÒÊÎ.

Êëþ÷åâûå ñëîâà: ìàøèííîå îáó÷åíèå, ðåíòãåíîâñêèå ñíèìêè, íåéðîííàÿ ñåòü, ýëåìåíòû
ïèòàíèÿ, êëàññèôèêàöèÿ èçîáðàæåíèé.
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ýëåêòðîõèìè÷åñêèå èñòî÷íèêè ýëåêòðè÷åñêîãî òîêà, ê êîòîðûì îòíîñÿòñÿ ãàëüâàíè÷åñêèå
ýëåìåíòû ïèòàíèÿ è ýëåêòðè÷åñêèå àêêóìóëÿòîðû. Íåñìîòðÿ íà òî, ÷òî ýëåìåíòû ïèòà-
íèÿ (ÝÏ) äîëæíû óòèëèçèðîâàòüñÿ îòäåëüíî îò îñòàëüíûõ áûòîâûõ îòõîäîâ, óäàëåííîñòü
ïóíêòîâ ñáîðà âûíóæäàåò áîëüøèíñòâî æèòåëåé íå íàêàïëèâàòü îòðàáîòàâøèå áàòàðåéêè
â äîìàøíèõ óñëîâèÿõ, à âûáðàñûâàòü èõ âìåñòå ñ îáû÷íûì ìóñîðîì. Ïîïàäàÿ íà ïîëèãîí,
ìåòàëëè÷åñêèé êîðïóñ áàòàðåéêè íà÷èíàåò ðàçëàãàòüñÿ, ýòèêåòêà, êàê ïðàâèëî, ñòèðàåòñÿ.
Â òå÷åíèå íåñêîëüêèõ ëåò ïîä âîçäåéñòâèåì îñàäêîâ ïðîèñõîäèò ïðîöåññ âûùåëà÷èâàíèÿ
ìåòàëëîâ (öèíê, ìàãíèé, êàäìèé, îëîâî, ñâèíåö), êîòîðûå ïîïàäàþò â ïî÷âó è âîäîåìû,
à îòòóäà ïðîíèêàþò â ñèñòåìó âîäîñíàáæåíèÿ, ÷òî îêàçûâàåò ñèëüíîå íåãàòèâíîå âîç-
äåéñòâèå íà îêðóæàþùóþ ñðåäó è ÷åëîâåêà. Ïîýòîìó îñîáóþ âàæíîñòü ïðèîáðåòàåò êàê
îòäåëåíèå ÝÏ îò äðóãèõ îáúåêòîâ â ñîñòàâå ÒÊÎ, òàê è ïîñëåäóþùàÿ èõ ñîðòèðîâêà äëÿ
ïîñòîáðàáîòêè. Öåëüþ äàííîé ðàáîòû ÿâëÿåòñÿ ñîçäàíèå ïðîãðàììíîé ìîäåëè äëÿ êëàñ-
ñèôèêàöèè íåìàðêèðîâàííûõ ýëåìåíòîâ ïèòàíèÿ ïðè èõ ñîðòèðîâêå.

1. Àíàëèç ñïîñîáà êëàññèôèêàöèè ýëåìåíòîâ ïèòàíèÿ.

1.1. Ðåíòãåíîãðàôèÿ. Ýëåêòðîìàãíèòíûå âîëíû, ýíåðãèÿ ôîòîíîâ êîòîðûõ ëåæèò íà
øêàëå ýëåêòðîìàãíèòíûõ âîëí â äèàïàçîíå ìåæäó óëüòðàôèîëåòîâûì èçëó÷åíèåì è
ãàììà-èçëó÷åíèåì îò 10 ýÂ äî íåñêîëüêèõ ÌýÂ (÷òî ñîîòâåòñòâóåò äëèíàì âîëí îò 102 äî
103 íì) èñòîðè÷åñêè íàçûâàþò ðåíòãåíîâñêèìè ëó÷àìè [1]. Ðåíòãåíîãðàôèÿ ïðåäñòàâëÿåò
ñîáîé îäèí èç ýôôåêòèâíûõ ñïîñîáîâ èññëåäîâàíèÿ âíóòðåííåé ñòðóêòóðû îáúåêòîâ. Ðåíò-
ãåíîâñêèå ëó÷è ïðîõîäÿò ÷åðåç èññëåäóåìûå îáúåêòû, â ðåçóëüòàòå ÷åãî íà ñïåöèàëüíîé
ïëåíêå èëè áóìàãå ôîðìèðóåòñÿ ïðîåêöèîííîå èçîáðàæåíèå (ðåíòãåíîâñêèé ñíèìîê). Òè-
ïîâàÿ ðåíòãåíîâñêàÿ óñòàíîâêà ñîñòîèò èç èñòî÷íèêà è ïðèåìíèêà, à èññëåäóåìûé îáúåêò
ðàñïîëàãàåòñÿ ìåæäó íèìè [2]. Ãåíåðàöèÿ ðåíòãåíîâñêîãî èçëó÷åíèÿ ïðîèñõîäèò â ðåíò-
ãåíîâñêîé òðóáêå � ýëåêòðîâàêóóìíîì ïðèáîðå ñ äâóìÿ ýëåêòðîäàìè (êàòîä è àíîä), íà
êîòîðûå ïîäàåòñÿ âûñîêîå íàïðÿæåíèå. Êàòîä, ñëóæàùèé èñòî÷íèêîì ýëåêòðîíîâ, îáû÷íî
âûïîëíÿåòñÿ èç âîëüôðàìà è êîíñòðóêòèâíî ñîâìåùàåòñÿ ñ íèòüþ íàêàëèâàíèÿ. Ýëåêòðî-
íû, âûëåòàþùèå èç êàòîäà, óñêîðÿþòñÿ ñèëüíûì ýëåêòðè÷åñêèì ïîëåì â ñòîðîíó ìàñ-
ñèâíîãî ñòàëüíîãî àíîäà. Ïðè óäàðå îá àíîä ýëåêòðîíû ðåçêî òîðìîçÿòñÿ, âñëåäñòâèå ÷åãî
÷àñòü èõ êèíåòè÷åñêîé ýíåðãèè ïåðåõîäèò â ðåíòãåíîâñêîå èçëó÷åíèå. Ðåíòãåíîâñêàÿ òðóá-
êà ïîìåùàåòñÿ â çàùèòíûé êîðïóñ, êîíñòðóêòèâíî èìåþùèé îòâåðñòèå äëÿ íàïðàâëåííîãî
âûõîäà ðåíòãåíîâñêîãî èçëó÷åíèÿ. Îñíîâíûå õàðàêòåðèñòèêè ðåíòãåíîâñêèõ òðóáîê � ýòî
ìàêñèìàëüíî äîïóñòèìîå íàïðÿæåíèå, ïîäàâàåìîå íà òðóáêó è åå ìîùíîñòü. ×åì ìåíüøå
ïîãëîùàåò ìàòåðèàë, ÷åðåç êîòîðûé ïðîõîäÿò ðåíòãåíîâñêèå ëó÷è, òåì òåìíåå èçîáðàæå-
íèå ýòîãî ìàòåðèàëà, ïîëó÷àåìîå íà ýêðàíå. Òàê, íàïðèìåð, ñòàëüíûå ýëåìåíòû õóæå ïðî-
ïóñêàþò ðåíòãåíîâñêîå èçëó÷åíèå, ÷åì ïëàñòèêîâûå, è âûãëÿäÿò ñâåòëåå. Íà ïîãëîùåíèå
èçëó÷åíèÿ âëèÿåò òàêæå è òîëùèíà ñëîÿ (ñì. ðèñ. 1) [3]. Ïðè îäèíàêîâîé òîëùèíå âåùå-
ñòâà ñ áîëüøèì àòîìíûì âåñîì ñèëüíåå ïîãëîùàþò ðåíòãåíîâñêèå ëó÷è, ïîýòîìó ñâèíåö,
èìåþùèé àòîìíûé íîìåð 207, ïðèìåíÿåòñÿ äëÿ çàùèòû îò ðåíòãåíîâñêîãî èçëó÷åíèÿ.

Ïðè óâåëè÷åíèè íàïðÿæåíèÿ íà òðóáêå ýíåðãèÿ ýëåêòðîíîâ âîçðàñòàåò, à èçëó÷åíèå
ñòàíîâèòñÿ áîëåå ïðîíèêàþùèì. Èçëó÷åíèå ìàëîé ïðîíèêàþùåé ñïîñîáíîñòè íàçûâàþò
ìÿãêèì, à áîëüøåé � æåñòêèì. Ïëîñêîïàíåëüíûé äåòåêòîð ðåíòãåíîâñêîãî èçëó÷åíèÿ
ïðåäñòàâëÿåò èç ñåáÿ ìàòðèöó ñåíñîðîâ, ñîñòîÿùóþ èç ôîòîäèîäîâ, ïåðåä êîòîðûìè ðàñ-
ïîëàãàåòñÿ ñöèíòèëëÿòîð, êàê ïðàâèëî, íà îñíîâå èîäèäà öåçèÿ èëè îêñèñóëüôèäà ãàäî-
ëèíèÿ. Òàêîé ìàòåðèàë îòâå÷àåò çà ïðåîáðàçîâàíèå ÷àñòîòû ïàäàþùåãî ðåíòãåíîâñêîãî
èçëó÷åíèÿ â èçëó÷åíèå îïòè÷åñêîãî äèàïàçîíà, âîñïðèíèìàåìîå ôîòîäèîäàìè ìàòðèöû.
Ìàòðèöà ïëîñêîïàíåëüíîãî äåòåêòîðà ïðåäñòàâëÿåò ñîáîé äâóìåðíóþ ðåøåòêó ñåíñîðîâ,



À.À. Êîðîòûøåâà, Ñ.Í. Æóêîâ, Â. Ð. Ìèëîâ, Þ.Ñ. Åãîðîâ, À.Þ. ×åêóøåâà, Ì.Ñ. Äóáîâ 5

Ðèñ. 1. Ïðîõîæäåíèå ðåíòãåíîâñêîãî èçëó÷åíèÿ ÷åðåç âåùåñòâî

Ðèñ. 2. Ïðèìåð âëèÿíèÿ ìîùíîñòè èçëó÷åíèÿ: à) ìàëàÿ; á) ñðåäíÿÿ; â) âûñîêàÿ

êàæäûé èç êîòîðûõ ðàáîòàåò â ðåæèìå êîíäåíñàòîðà è íàêàïëèâàåò çàðÿä. Ñ÷èòûâàíèå
îáùåé êàðòèíû ñ ìàòðèöû ïðîèñõîäèò ïîïåðåìåííûì ïîäêëþ÷åíèåì êàæäîãî ñåíñîðà ê
ñ÷èòûâàþùåìó óñòðîéñòâó. Ïðè ýòîì ïðîèñõîäèò ïîñòðî÷íîå ñ÷èòûâàíèå èçîáðàæåíèÿ �
çà îäèí òàêò ñ÷èòûâàåòñÿ îäíà ñòðîêà ñåíñîðîâ. Êàê ïðàâèëî, ñåíñîðû äåëÿòñÿ íà çîíû â
ñîîòâåòñòâèè ñ ÿ÷åéêàìè ïàìÿòè ìèêðîñõåìû äåêîäåðà. Íà ðèñ. 2 ïðèâåäåí ïðèìåð ðåíò-
ãåíîâñêîãî ñíèìêà ÝÏ, âûïîëíåííîãî íà ìàëîé (40 êÂ), ñðåäíåé (60 êÂ), è âûñîêîé (80
êÂ) ìîùíîñòÿõ èçëó÷åíèÿ.

Âèäíî, ÷òî òîëüêî ïðè äîñòàòî÷íî âûñîêîé ìîùíîñòè èçëó÷åíèÿ ïðîñìàòðèâàåòñÿ
âíóòðåííÿÿ ñòðóêòóðà ÝÏ. Ñëåäóåò îòìåòèòü, ÷òî âîññòàíîâëåíèå áåëûõ, íåîñâåùåííûõ
è ÷åðíûõ ïåðåñå÷åííûõ ó÷àñòêîâ èçîáðàæåíèÿ â äàëüíåéøåì íåâîçìîæíî. Â ñëó÷àå èñ-
ïîëüçîâàíèÿ ãðàäàöèé ñåðîãî ñòàíîâèòñÿ âîçìîæíûì ïðèìåíåíèå êîððåêöèè ýêñïîçèöèè,
îäíàêî äàííîå äåéñòâèå âëå÷åò çà ñîáîé ñáðîñ âñåõ êàëèáðîâîê îáîðóäîâàíèÿ, ñâÿçàííûõ
ñ îïðåäåëåíèåì ñîñòàâà îáðàçöà. Â êà÷åñòâå óíèêàëüíûõ èäåíòèôèêàòîðîâ äëÿ êëàññèôè-
êàöèè áûëè âûáðàíû ñëåäóþùèå ÷àñòè ÝÏ: ñåïàðàòîð, ñòåðæåíü, ïðîêëàäêà. Ïðè êëàññè-
ôèêàöèè èñïîëüçóåòñÿ àíàëèç êîíòóðîâ äëÿ îáíàðóæåíèÿ ãðóïï ïèêñåëåé, êîòîðûå ïðè-
íàäëåæàò ê ãðàíèöàì óêàçàííûõ ÷àñòåé ÝÏ.

1.2. Ïðèìåíåíèå íåéðîííûõ ñåòåé. Ðàñïîçíàâàíèå îáðàçîâ íà èçîáðàæåíèè � ýòî çàäà-
÷à êîìïüþòåðíîãî çðåíèÿ, öåëüþ êîòîðîé ÿâëÿåòñÿ îòíåñåíèå îáúåêòîâ íà èçîáðàæåíèè ê
îïðåäåëåííîìó êëàññó. Íà ñåãîäíÿ íàèáîëåå ýôôåêòèâíûé ìåòîä îáðàáîòêè èçîáðàæåíèé è
âûäåëåíèÿ ïðèçíàêîâîãî îïèñàíèÿ ïðåäñòàâëÿþò ñâåðòî÷íûå íåéðîííûå ñåòè (àíãë. CNN,
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Ðèñ. 3. Ïðèìåðû èçîáðàæåíèé èç ñôîðìèðîâàííîãî äàòàñåòà à) ìåòêà êëàññà Ò1; á) ìåòêà êëàññà Ò2; â)

ìåòêà êëàññà Ò3; ã) ìåòêà êëàññà Ò4; ä) ìåòêà êëàññà Ò5

Convolutional Neural Network), ñîñòîÿùèå èç ñëîåâ ñâåðòêè (àíãë. Convolutional Layer) è
ñóáäèñêðåòèçàöèè (àíãë. Pooling Layer). Ñâåðòî÷íûå ñëîè è ñëîè ñóáäèñêðåòèçàöèè ñîñòàâ-
ëÿþò îñíîâó ðàçëè÷íûõ àðõèòåêòóð ãëóáîêèõ íåéðîííûõ ñåòåé, îáåñïå÷èâàþùèõ ðåøåíèå
çàäà÷è ðàñïîçíàâàíèÿ îáðàçîâ, òàêèõ êàê VGG-16 è VGG-19, GoogLeNet c Inception ìîäó-
ëÿìè, ResNet, DenseNet, MobileNet è äðóãèõ.

2. Ðàçðàáîòêà ìîäåëè êëàññèôèêàòîðà íåìàðêèðîâàííûõ ÝÏ.

2.1. Îïèñàíèå èñõîäíûõ äàííûõ. Ïîñêîëüêó äàòàñåòû, ñîäåðæàùèå ñíèìêè ÝÏ â ðåíò-
ãåíîâñêîì äèàïàçîíå, íà îòêðûòûõ ïëîùàäêàõ íåäîñòóïíû (â ñèëó íîâèçíû ïðåäëàãàåìîãî
ïîäõîäà) [4], òî äàòàñåò äëÿ êëàññèôèêàöèè áûë ñôîðìèðîâàí ñàìîñòîÿòåëüíî. Äëÿ ñáîðà
íåîáõîäèìûõ èçîáðàæåíèé â ðàáîòå èñïîëüçîâàëàñü ðåíòãåíîâñêàÿ óñòàíîâêà. Ïðèìåðû
èçîáðàæåíèé èç ñôîðìèðîâàííîãî äàòàñåòà ñ ñîîòâåòñòâóþùèìè ìåòêàìè êëàññîâ ïðèâå-
äåíû íà ðèñ. 3.

Äëÿ îáó÷åíèÿ íåéðîñåòåâîãî êëàññèôèêàòîðà áûëî çàäàíî 5 êëàññîâ, ñîîòâåòñòâóþùèõ
òèïàì ñîñòàâà ÝÏ: Zn-Mn (NH4Cl), Zn-Mn (KOH), Ni-MH, Li-FeS2, Ni-Cd. Ââèäó ðåäêîñòè
íåêîòîðûõ òèïîâ ÝÏ, â ñîáðàííûõ äàííûõ íàáëþäàëàñü ïðîáëåìà íåñáàëàíñèðîâàííî-
ñòè êëàññîâ (àíãë. Imbalanced Data) [5], äëÿ ðåøåíèÿ êîòîðîé áûëè ïðèìåíåíû ìåòîäû
ñëó÷àéíîãî óäàëåíèÿ (àíãë. Random undesampling) äëÿ ñîêðàùåíèÿ ïðèìåðîâ ìàæîðè-
òàðíûõ êëàññîâ è äóáëèðîâàíèÿ (àíãë. Oversampling) äëÿ óâåëè÷åíèÿ ïðèìåðîâ ìèíî-
ðèòàðíûõ êëàññîâ. Ïîñëå áàëàíñèðîâêè îáúåì äàòàñåòà ñîñòàâèë 858 èçîáðàæåíèé. Äëÿ
óâåëè÷åíèÿ êîëè÷åñòâà äàííûõ áûëè èñïîëüçîâàíû ðàçëè÷íûå ôóíêöèè ðàñøèðåíèÿ (àí-
ãë. Augmentation), òàêèå êàê ãîðèçîíòàëüíûé è âåðòèêàëüíûé ðàçâîðîò, ïîâîðîò äî 30◦,
ãîðèçîíòàëüíîå è âåðòèêàëüíîå ñìåùåíèå è ïðèáëèæåíèå äî 10 %. Â ðåçóëüòàòå îáúåì
äàòàñåòà ñîñòàâèë 1286129 èçîáðàæåíèé. Äëÿ ïðåäîòâðàùåíèÿ ïåðåîáó÷åíèÿ ìîäåëè äàí-
íûå áûëè ðàçäåëåíû íà îáó÷àþùóþ (70 % äàòàñåòà), âàëèäàöèîííóþ (20 % äàòàñåòà) è
òåñòîâóþ (10 % äàòàñåòà) âûáîðêè.

2.2. Îïèñàíèå àðõèòåêòóðû ìîäåëè äëÿ êëàññèôèêàöèè íåìàðêèðîâàííûõ ÝÏ. Â ðàáî-
òå áûëà èñïîëüçîâàíà àðõèòåêòóðà ìîäèôèöèðîâàííîé MobileNet, ïîçâîëÿþùàÿ äîñòèãàòü
òîé æå òî÷íîñòè ðàñïîçíàâàíèÿ, êàê èñõîäíàÿ àðõèòåêòóðà, íî ñ åùå áîëüøåé ñêîðîñòüþ
ðàáîòû [6]. MobileNetV2 èìååò 2 òèïà ñâåðòî÷íûõ áëîêîâ, íàçûâàåìûõ áëîêàìè ñ ðàñøè-
ðåíèåì (àíãë. Expansion Convolution Block) � ñ øàãîì 2 äëÿ ñíèæåíèÿ ðàçìåðíîñòè è
ñ øàãîì 1. Ïîä øàãàìè ïîíèìàåòñÿ çíà÷åíèå ïàðàìåòðà stride (øàã) â ñâåðòêå. Êàæäûé
áëîê ñîñòîèò èç ñëîÿ òî÷å÷íîé ñâåðòêè ðàçìåðîì 1õ1 (àíãë. Convolution 1õ1) è ñëîÿ ãëó-
áèííîé ñâåðòêè ðàçìåðîì 3õ3 (àíãë. Depthwise Convolution 3õ3) ñ ôóíêöèÿìè àêòèâàöèè
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Ðèñ. 4. Àðõèòåêòóðà ñâåðòî÷íûõ áëîêîâ ñ ðàñøèðåíèåì MobileNetV2

Ðèñ. 5. Àðõèòåêòóðà MobileNetV2

òèïà ëèíåéíûé âûïðÿìèòåëü (àíãë. Recti�ed linear unit, ReLU), è ñëîÿ ñâåðòêè ðàçìåðîì
1õ1 ñ ëèíåéíîé àêòèâàöèåé (àíãë. Linear). Äëÿ ïîâûøåíèÿ ïðîèçâîäèòåëüíîñòè è ñòàáèëè-
çàöèè ðàáîòû èñïîëüçóåòñÿ ïàêåòíàÿ íîðìàëèçàöèÿ (àíãë. Batch Normalization). Ñâåðòî÷-
íûé áëîê ñ øàãîì 1 òàêæå èìååò ñîåäèíåíèå ñ ïîñëåäóþùåé êîíêàòåíàöèåé ðåçóëüòàòîâ
àíàëîãè÷íî îñòàòî÷íîìó áëîêó â àðõèòåêòóðå ResNet. Àðõèòåêòóðà ñâåðòî÷íûõ áëîêîâ
MobileNetV2 ïðåäñòàâëåíà íà ðèñ. 4.

Àðõèòåêòóðà MobileNetV2 ñîñòîèò èç ñâåðòî÷íûõ áëîêîâ ñ ðàñøèðåíèåì è ïðåäñòàâëå-
íà íà ðèñ. 5.

Ïîñëå ïîñëåäíåãî ñëîÿ � ñëîÿ ñ ôóíêöèåé Softmax íà âûõîäå, ïîëó÷àåì ìíîãîêëàññîâîå
ðàñïðåäåëåíèå âåðîÿòíîñòåé, ÷òî ïîçâîëÿåò îöåíèòü óâåðåííîñòü ñåòè â ïðèíàäëåæíîñòè
êàæäîãî èç îáúåêòîâ ê çàäàííûì êëàññàì.

2.3. Òåñòèðîâàíèå êëàññèôèêàòîðà ÝÏ. Â êà÷åñòâå öåëåâîé ôóíêöèè èñïîëüçîâàëñÿ
ìèíèìóì ïîòåðü êàòåãîðèàëüíîé ïåðåêðåñòíîé ýíòðîïèè (àíãë. Categorical Cross-Entropy)

LCE = − 1

N

N∑
i=1

K∑
j=1

yi,j ∗ log(pi,j),
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Ðèñ. 6. Ãðàôèê ôóíêöèè ïîòåðü

Ðèñ. 7. Ãðàôèê ìåòðèêè Accuracy ïðè îáó÷åíèè è âàëèäàöèè

ãäå N � êîëè÷åñòâî ýêçåìïëÿðîâ, K � êîëè÷åñòâî êëàññîâ, yi,j � çíà÷åíèå 0 èëè 1 äëÿ
ñîîòâåòñòâóþùåãî êîäà êëàññà, pi � çíà÷åíèå âåðîÿòíîñòè äëÿ i -ãî êëàññà. Ïðè ýòîì çíà-
÷åíèÿ êëàññîâ êîäèðóþòñÿ ñëåäóþùèì îáðàçîì: Ò1 � [1, 0, 0, 0, 0], Ò2 � [0, 1, 0, 0, 0] è
ò. ä. Äëÿ óìåíüøåíèÿ ïîòåðü ïðèìåíÿëñÿ èòåðàòèâíûé ïîäõîä. Ãðàôèê èçìåíåíèÿ ïîòåðü
â çàâèñèìîñòè îò ýïîõè âî âðåìÿ îáó÷åíèÿ è âàëèäàöèè íåéðîñåòåâîãî êëàññèôèêàòîðà
ïðåäñòàâëåí íà ðèñ. 6.

Äëÿ îöåíêè êà÷åñòâà êëàññèôèêàòîðà ÝÏ âû÷èñëÿëàñü äîëÿ âåðíî îïðåäåëåííûõ òèïîâ
ÝÏ íà ðåíòãåíîâñêèõ ñíèìêàõ ñðåäè âñåõ àíàëèçèðóåìûõ ðåíòãåíîâñêèõ ñíèìêîâ (ìåòðèêà
Accuracy). Â ðåçóëüòàòå òåñòèðîâàíèÿ áûëî ïîëó÷åíî çíà÷åíèå Accuracy = 0,99 íà îáó÷à-
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Ðèñ. 8. Ðåçóëüòàò äåòåêòèðîâàíèÿ ÝÏ

íà öâåòíîì è ðåíòãåíîâñêîì ñíèìêàõ

Ðèñ. 9. Ðåçóëüòàò êëàññèôèêàöèè

ÝÏ ïî ðåíòãåíîâñêîìó ñíèìêó

þùåé âûáîðêå è Accuracy = 0,99 íà òåñòîâîé.

Accuracy =
1

n

n∑
i=1

[pi = yi]

Ãðàôèê èçìåíåíèÿ ìåòðèêè Accuracy â çàâèñèìîñòè îò ýïîõè íåéðîñåòåâîãî êëàññèôèêà-
òîðà ïðåäñòàâëåí íà ðèñ. 7.

Ïåðåä êëàññèôèêàöèåé îáúåêòà îñóùåñòâëÿåòñÿ ïðîöåññ ïîèñêà ìåñòîïîëîæåíèÿ êëàñ-
ñèôèöèðóåìîãî ÝÏ. Ïðîöåññ ïðîõîäèò â íåñêîëüêî ýòàïîâ.

1) Äåòåêòèðîâàíèå ÝÏ íà öâåòíîé ôîòîãðàôèè, ñîîòâåòñòâóþùåé ðåíòãåíîâñêîìó
ñíèìêó, ïîëó÷åííîìó ðàíåå ñ âèäåîêàìåðû.

2) Ïåðåíîñ êîîðäèíàò îáúåêòîâ, íàéäåííûõ â ï. 1, íà ðåíòãåíîâñêèé ñíèìîê.
3) Ðàçäåëåíèå ñíèìêîâ íà îòäåëüíûå, êàæäûé èç êîòîðûõ ñîäåðæèò ïî îäíîìó ÝÏ èç

âûäåëåííûõ ìåñòîïîëîæåíèé.
Íà ðèñ. 8 ïðåäñòàâëåíû ïðèìåðû ôîòîãðàôèé, ñäåëàííûå íà êàæäîì ýòàïå ïðîöåññà.
Ïðèìåð èíòåðôåéñà ðàçðàáîòàííîãî ïðîòîòèïà ïðîãðàììû ñ ôóíêöèåé îïðåäåëåíèÿ

òèïà ÝÏ ïî ðåíòãåíîâñêîìó ñíèìêó ïðèâåäåí íà ðèñ. 9.
Ïðîãðàììà îáåñïå÷èâàåò âûïîëíåíèå ñëåäóþùèõ ôóíêöèé:
� îáåñïå÷åíèå âîçìîæíîñòè çàãðóçêè èçîáðàæåíèé;
� äåòåêòèðîâàíèå ÝÏ íà èçîáðàæåíèè íà îñíîâå ïîäãîòîâëåííûõ âûáîðîê äàííûõ;
� èäåíòèôèêàöèÿ òèïà ÝÏ íà èçîáðàæåíèè íà îñíîâå ïîäãîòîâëåííûõ âûáîðîê äàí-

íûõ;
� àííîòèðîâàíèå (ñîõðàíåíèå ôàéëà ñ ðåçóëüòàòàìè îáðàáîòêè);
� âèçóàëèçàöèÿ ïîëó÷åííûõ ðåçóëüòàòîâ äëÿ ïîëüçîâàòåëÿ.
Â êà÷åñòâå èíñòðóìåíòàëüíûõ ñðåäñòâ ïðè ñîçäàíèè ïðîãðàììíîé ìîäåëè èñïîëüçî-

âàëñÿ ÿçûê ïðîãðàììèðîâàíèÿ Python, áèáëèîòåêè NumPy, Matplotlib è áèáëèîòåêà äëÿ
ãëóáîêîãî îáó÷åíèÿ Keras.

Çàêëþ÷åíèå. Ðàçðàáîòàííûé êëàññèôèêàòîð íåìàðêèðîâàííûõ ÝÏ õàðàêòåðèçó-
åòñÿ äîëåé âåðíî îïðåäåëåííûõ òèïîâ Acc = 0,99 è ìîæåò áûòü ðåàëèçîâàí â ñîñòàâå
ñèñòåìû èäåíòèôèêàöèè íåìàðêèðîâàííûõ ÝÏ [7], êîòîðàÿ, â ñâîþ î÷åðåäü, ÿâëÿåòñÿ
îñíîâîé ïðîãðàììíî-àïïàðàòíîãî êîìïëåêñà äëÿ àâòîìàòèçàöèè ñîðòèðîâêè îïàñíûõ
âèäîâ îòõîäîâ, òàêèõ êàê ÝÏ. Â äàëüíåéøåì ïðåäïîëàãàåòñÿ ðàñøèðåíèå íîìåíêëàòóðû
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ðàñïîçíàâàåìûõ îïàñíûõ è öåííûõ îáúåêòîâ â ñîñòàâå ÒÊÎ.
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